Abstract. Although riparian areas in the arid southwestern United States are critical for maintaining species diversity, their extent and health have been declining since EuroAmerican settlement. The purpose of this study was to develop a methodology to evaluate the potential for riparian vegetation restoration and groundwater recharge. A numerical groundwater flow model was coupled with a conceptual riparian vegetation model to predict hydrologic conditions favorable to maintaining riparian vegetation downstream of a reservoir. A Geographic Information System (GIS) was used for this one-way coupling. Constant and seasonally varying releases from the dam were simulated using volumes anticipated to be permitted by a regional water supplier. Simulations indicated that seasonally variable releases would produce surface flow 5.4-8.5 km below the dam in a previously dry reach. Using depth to groundwater simulations from the numerical flow model with conceptual models of depths to water necessary for maintenance of riparian vegetation, the GIS analysis predicted a 5-to 6.5-fold increase in the area capable of sustaining riparian vegetation. 
Introduction
Much of the original riparian vegetation in the arid southwestern United States, essential for the diversity of species it supports, has been lost or substantially altered since EuroAmerican settlement [Tellman et Two kilometers below the dam, the channels of the Agua Fria are generally dry, flowing only as a result of infrequent runoff from tributary washes. Kilometers 2.0-8.0 (measured from the dam) are almost completely dominated by xeric riparian species. The final 5.2 km of the study reach consist of a mix of the same xeric riparian species and species more characteristic of uplands, including paloverde (Cercidium fioridum) and creosote bush (Larrea tridentata).
Hydrogeology
The study area is on the northern margin of the West Salt River Valley Basin [Corkhill et al., 1993] . Rock units in the region include Precambrian gneiss and granite; Tertiary (Miocene) basalt, andesite, and rhyolite; Tertiary (Miocene) pebble/cobble conglomerate and sandstone interbedded with volcanics; unconsolidated to partly consolidated basin fill; and recent stream deposits [Wahl et al., 1988; Huckleberry, 1995] . The conglomerate flanks the river on both sides in the upstream reaches and dips below basin fill farther downstream, persisting on the west side to almost kilometer 11. On the east side the conglomerate is exposed only within 6.5 km of the dam.
Before construction of the dam, this reach of the Agua Fria connected the Upper Agua Fria Basin with the West Salt River Basin. The dam, however, spans a portion of the river channel cut through rhyolite and conglomerate, partially blocking the conduit for surface water and groundwater flow between the two basins. Alluvial fill, the major water-bearing unit for this region, is <30 m thick throughout the study area but thickens considerably to the south and east (Figure 2 ). The regional groundwater flow direction is to the south-southwest [Reeter and Remick, 1983] 
Streamflow
The amount of water available for the Agua Fria project from the Central Arizona Project is estimated to be between 1.8 x 10 ? and 5.6 x 10 7 m 3 yr -• (15,000-45,000 ac ft yr-•).
Flow regimes used in this study were based on streamflow records for the U.S. Geological Survey gaging station at Rock Springs (6.5 km upstream of Lake Pleasant) and the estimated flow that could be available for the project. Streamflow records for this seasonally intermittent river over the 24-year period from 1971 to 1997 reflect large interannual variations, consis- On the basis of the hydrology of the Agua Fria, three separate flow scenarios were defined: constant flows, seasonally varying flows, and establishment flows. The constant release scenario, the least complicated from a logistical perspective, was included for comparison purposes. Seasonally varying flows, incorporating low flow rates for most of the year and a higher release rate during the late winter/spring, were included to more closely simulate unregulated patterns of discharge. Establishment flows, designed to inundate larger portions of the floodplain at higher elevations, would be planned every 5-10 years, given that this is an average rate for establishment frequency at a nearby reference river, the Hassayampa [Stromberg et al., 1991; Brinson and Rheinhardt, 1996] . Only the constant and seasonally varying flow regimes were modeled and analyzed for their impacts on the hydrogeologic and riparian systems. Planning for higher-volume establishment flows would benefit more from the experience of an actual release and surface water modeling and thus was beyond the scope of this study. Constant and seasonally variable release volumes of 1.8 x 107, 3.7 x 107, and 5.6 x 107 m 3 yr -1 (15,000, 30,000, and 45,000 ac ft yr, respectively) were simulated (Table 1) .
Methods
Basic and theoretical data were compiled in conceptual and numerical models to describe how riparian vegetation could be maintained by a reservoir release. A conceptual groundwater model relied on (1) geologic data, including structural geology, geomorphology, and stratigraphy and (2) hydrogeologic data, such as elevation of the water table, hydraulic conductivity of the lithologies, and regional groundwater flow directions [Wahl et al., 1988; Huckleberry, 1995] . From the conceptual hydrogeological model of the system, a preliminary numerical model was built using a modular, three-dimensional, finite difference groundwater flow model ( Inputs of water to this region include regional underflow, recharge from precipitation, infiltration of spring flow from Morgan City Wash, and seepage through rocks around the dam. Water leaves the region through groundwater pumping, ET, and regional groundwater underflow. The only direct impact on the immediate river area due to groundwater withdrawal is the seasonal pumping of two production wells for citrus groves. A steady state hydraulic head scenario was assumed for this subregion of the basin on the basis of water levels from two wells in the area that depict stable long-term well levels from 1981 to 1996.
The simulated region was a small portion of the West Salt River Basin, with model boundaries established to represent interactions with the regional aquifer system. Regional groundwater flow to the south-southwest indicates that the western and eastern boundaries of the model have little impact on groundwater flow. The northern and southern boundaries, simulating the regional underflow, are most influential. Surface water flow and spread of the groundwater mound beneath the riverbed are partially constrained by the conglomerate and volcanics that flank this narrow river valley. The model was considered to be calibrated when it (1) simulated the extent of the quasi-perennial reach of the Agua Fria River and Morgan City Wash and (2) had a mean absolute error (MAE) for well levels within the model area of <3.8 m (<5% of the total head change across the region). A sensitivity analysis was used to examine the sensitivity of the model to cell size, topography, boundary conditions (location and type), streambed conductance, hydraulic conductivity, recharge, evapotranspiration, and extinction depth [Wright, 1997] [Stromberg et al., 1996] . One factor, the functional depth to water ranges observed for juvenile (under 5-10 years) and mature tree species and shrubs along the San Pedro River, provided a conceptual model that we combined with results of the predictive numerical flow model [Stromberg et al., 1996] . Depth to water ranges were used in a GIS to assess the potential of the Agua Fria River to maintain woody riparian vegetation (Table 3) Wagenet, 1996] , there has been a need to couple environmental models with GIS. The various levels of sophistication in the strategy to link these technologies define a continuum from loose coupling, an interchange of data files between the model and the GIS, up through complete integration, embedding the model inside the GIS [Tim, 1996] . The loose coupling of MODFLOW and the riparian vegetation model with Arc/Info in our study was a one-way link. Model results were imported into the GIS and combined with the vegetation model. This involved three major tasks: (1) designing a database system to contain the groundwater and riparian model data, (2) converting the groundwater model output to a format useable by Arc/Info, and (3) developing the database.
Coupling of Models in a GIS

Because GIS technology does not have the algorithmic capabilities to build process-based models internally and is not yet capable of space-time representations [Cotwin and
The application definition approach to database design was used. The types of analyses required of the finished database were defined, and the specific data types and structures required to support those analyses were identified. The desired outputs were (1) maps of potential riparian vegetation types based on depth to water, (2) area and ET associated with a vegetation type, (3) area and ET associated with depth to water zones, (4) time series study of a monotypic stand, (5) variations in ET volumes over time, (6) variations in riparian vegetation area (depth to water less than or equal to ---6 m) over time, and (7) an expandable database capable of supporting queries and analyses based on multiple species and multiple environmental factors. On the basis of these outputs it was determined that the most versatile raw data file would contain depth to water in 0.03-m increments for each cell in the model.
The main output from MODFLOW simulations is the average hydraulic head for a model cell. Hydraulic head at 3-month intervals was exported from MODFLOW for a total of 12 files for each 2-year simulation. Depth to water for each cell in the model was calculated by subtracting hydraulic head from the surface elevation. Cell size was converted to 30-m squares (a square grid is required by Arc/Info), and the data files were imported into the GIS GRID module utilizing a conversion program written in Arc/Info's Macro Language (AML). All analyses in Arc/Info were performed either within the GRID module or on GRID files using the TABLES or INFO modules. The data files were then modified to calculate ET, using what is termed a remap table, to regroup cells into the depth to water zones shown in Table 3 . ET was calculated using values for representative species for particular depth to water zones, assuming ---50% vegetative cover (Table 4 ). This process converted the raw data files to a database over time, in which all files for a particular flow scenario could be combined as needed.
Three separate analyses utilizing the GIS database were performed. These included a time series study based on the ET model (Table 2) , an establishment scenario to track the changes in depths to water over the crucial period between germination and seedling development for cottonwood, and a sustenance study through time on juvenile cottonwood. (Table 5) . We considered the GIS calculations of ET to be a vast improvement over the MOD-FLOW calculations of ET and a potentially useful tool for water managers.
ET volumes did not significantly increase in direct relationship to increases in discharge; in fact, ET volume as a percent of the total release volume actually decreased from 11% of the 1.8 X 10 7 m 3 yr -• to 5% of the 5.6 x 10 7 m 3 yr -• (Table 5) 
Time Series Study
The productivity and composition of riparian vegetation stands vary along a continuum with depth to groundwater, with some species and communities (e.g., mesquite bosques) occurring at depths of >6 m. The majority of the riparian vegetation ß in rivers such as the Agua Fria, however, occurs on sites with depths to groundwater of <6 m, which was used as a threshold range in our study. The area of the zones with depth to water -<6 m for each 3-month period of the seasonal 1.8 x 107 m 3 yr -1 flow regime is shown in Table 6 
Summary and Conclusions
The methodology proposed in this study for coupling groundwater and riparian vegetation models in a GIS system was successfully applied to a reach of an arid region river below a reservoir. Results indicated that the Agua Fria River Site is a suitable candidate for riparian restoration and groundwater recharge. Extent of surface flow for discharge rates over a 3-month period ranged from -4 to 10 km. A comparison of three separate seasonal flow scenarios showed that each 1. increases were only in the downstream direction. These results could be attributed to physical constraints imposed by geology, topography, or the flow regime but could also be a function of scale differences between the groundwater and riparian vegetation models.
The coupling of models described in this study is useful for assessing similar sites, and the flexibility of the database design allows expansion to include multiple species and multiple factors impacting riparian vegetation establishment and sustenance. Careful consideration to scale compatibility between the models is necessary in the design stages, and a major expansion would benefit from a tighter coupling of the models within the GIS to automate the conversion steps. In addition, it is important to recognize that this was a virtual exercise. These models will be more robust in the future if they are calibrated to actual releases.
Novel approaches, such as this one, are necessary to assess the complex impacts of water management decisions, given that conflicts over allocation of water resources will only increase as human populations continue to grow.
